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INTRODUCTION

The measured open-circuit voltage of 0.1 f-cm n on p silicon solar
cells is about 100 mv lower than predicted by simple diffusion theory
(1). It has beer shown (2) that the Air Mass Zero (AMD) conversion effi-
ciency of silicor solar cells can be increased to about 18% providing the
processes limiting open-circuit voltage are overcome.

Dark and illuminated electrical measurements strongly suggest that
the low open-cir2uit voltage in 0.1 {i-cm solar cells is related to an
excessively high diode saturation current resulting from processes
occuring in the diffused layer. Theoretical analyses have shown that
either high recombination rates (3) or bandgap narrowing effects (1)
canu explain the high saturation current. There is, however, insuffi-
cient experimental information about the diffused layer properties to
assess the relative jmportance of these physical processes.

The purpose of this paper is to present an experimental method that
can be used to interpret the reiitive roles of bandgap narrowing and
recombination processes in the diffused layer. This method involves
measuring the device time constant by open-circuit voltage decay and
the base region diffusion length by X-ray excitation. A unique illumi-
nated diode method is used to obtain the diode saturation current. These
data are interpreted using a simple model to determine individually the

minority carrier lifetime and the excess charge. These parameters are then

used to infer the relative importance of bandgap narrowing and recombing-
tion processes in the diffused layer.



THEORY
The theoretical work of Lindholm and Sah (3, 4) describes a straight-
forward charge-control treatment to identify the physical mechanisms con-
trolling carrier transport in the diffused layer (emitter). The solar
cell current (I) can De expressed as

= ID + IL (1)

where I and IL are the dark diode and light generated current, respective-
ly. The diode current can be written as the sum of emitter (IE)’ space
charge (Isc), and base currents (IB)

ID=IE+IB+Isc (2)
In the range of voltages for which the space charge region current is neg-
ligible, the diode current (ID) is the sum of the emitter and base region
components:
= IE + IB (3)
From Shockley's diode theory (5), the diode current can also be expressed:

I =1, (exp%-l) (%)

where the diode saturation current (I ) is the sum of the emitter and base
region components (IEO, ‘E))‘

By charge-control theory (3, 4), I, can be written in terms of the
stored charge (Q) and time constant T:

%
ID=};+;; (5)

Since, for the voltage range under consideration, Q = Qg (exp 195 1),
where QO is a reference charge, equation 3 can be written as

I =S-E9-+E§9(exp%-l (6)

% % (7)
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where QBO =% for a base of constant doping. Here LB and hB are the

minority carrigr diffusion length and the impurity concentration in the
base region. From (4) Io can be written as:

(8)

where T, is the dominant normal mode or the reciprocal of the dominant nat-
ural frequency of the device as determined by measuring the open-circuit
voltage decay.

Equations 7 and 8 involve six parameters QBO Tps I and T
They form a basis for the separate determ1nat1on ofE E® whereas pre-
viously only the Tg ratio has been evaluated. The reference charge
(Qgg) can be assoclated with bandgap narrowing, while the recombination
time (tg) reflects recombination effects in the diffused layer. The ex-
perimental methods employed tc obtain these parameters are described in
the next section.

EXPERIMENTAL METHODS

A. Device Fabrication

Six n on p silicon solar cells shown in figure 1 were constructed using
a standard processing technique. The 1 x 2 em, vacuum float zone, < 111 >
orientation, 0.1 ohm-cm, p-type silicon wafers were first chemically polished
in an HF HNO - glacial acetic acid solution, The wafers were then phos-
phorus dlffuséd in a POCl, atmosphere for 45 minutes at a temperature of
880° C to form the p-n judction. The calculated junction depth is about
0.2 ym. After removal of the phosphorus oxide glass with HF, silver-
aluminum contacts were thermally evaporated to form the large area p-side
contact and the gridded contact to the thin diffused layer. Contact adher-
ence was insured by sintering the cells in argon at 550° C for several min-
utes.

B. Electrical Measurements

Current-Voltage

Dark forward and illuminated current-voltage characteristics were meas-
ured for each cell using a calculator controlled data acquisition system.
A xenon-light solar simulator was used for the AMO (outer space condition)
illuminated measurements. The open-circuit voltages (V__ ) and short-cir-
cuit currents (I;.), of these 0.1 {-cm silicon cells are shown in Table I.

Open Circuit Voltage Decay

The time constants characteristic of small area sections of the test
cells were measured using the open-circuit voltage decay method (6, 7)
and the measurement circuitry shown in Figure 2. The devices were forward
3



biased with a one millisecond duration square wave voltage pulse. The
voltage decay, shown in figure 3, was displayed on a Tektronix 555
oscilloscope with a Type L plug-~in unit and photographed. The decay
time constants (T,) shown in Table I were measured in the 0.55 to 0.63
voltage decay range. The slope factor (A) determined from the illumi-
nated I-V characteristics is found to be nearly unity in this range.

Diode Saturation Current

The illuminated method used to obtain the current-voltage charac-
teristics involves measurement of the V__ and I c developed by the cell
wnder various levels of light intensity. Adva.ngages of this method, com-
pared to that utilizing the I-V characteristic of a dark diode, include
minimization of series resistance effects and duplication of effects of
illumination on recombination center states. The method permits the
identification of the diffusion dominated (A X 1) portion of the forward
I-V characteristic, and hence an accurate extrapolation of this curve to
determine the diffusion-controlled diode saturation current. The satura-
tion currents (I,) for each cell are shown in Table I. Typical dark for-
ward and illuminated current-voltage characteristics are shown in figure L.

P-Base Diffusion lLength and Recombination Time

The minority carrier base region diffusion lengths (L?) (and Tg)
determined by the X-ray method (8) are shown in Table I. TIn this technique
the current generated by auniformly absorbed beam of X-rays and collected
across the junction is proportional to the base region minority carrier
diffusion length. The base recombination time and the diffusion length
are related by the expression, L2B = DpTp.

DISCUSSION

The emitter charge (Q.~) and recombination time (7_.) calculated using
the experimental data of Table I and equations 7 and 8 from the charge-
control model are given in Table II. Conventional diode theory (3) un-
modified by ba.ndgap narrowing effects predicts an emitter charge (ng)
of about 1 x 10-¢2 coulombs/cm? for the cell structures considered here,
The charge deduced by the experimental methods shown here is about 5 orders
of magnitude greater than this predicted value. As discussed in (3, 4) the
presence of a large stored emitter charge indicates a first order influence
of bandgap narrowing.

Theemitter recombinaticn times shown in Table II are about 0.2 x 10-6
sec. Using equation 7 and the emitter charge from conventional theory
yields a value of the emitter contribution to I, that is small compared to
that from the base region. This suggests that 75 is sufficiently long such
that major improvememnts in the open-circuit voltage of the cells considered
here will be achieved by reductions in the emitter charge rather than im-
provements in the recombination time.



CONCLUSION

This paper has presented an experimental method for individually

determining the emitter stored charge and recombination time. Previous
work has only been able to assess the ratio of these device parameters.
As a result of the findings presented here, it is concluded that band-
gap narrowing effects have a first order significance in determining
the charge carrier transport controlling the open-circuit voltage of
0.1 Q-cm silicon solar cells.
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TABIE I

CHARACTERISTICZS OF 0.1 2-CM
SILICON SOLAR CELLS, RUN 526

*
CELL # Voc Isc LB I T

(vorTs) | (mA) | (MICRONS) | (AMP xolo’lz) (usec)

P-1 595 39 32 2.9 .16
Q-2 612 jh1.2 89 2.2 .2k
Q-3 .60k fh1.2 85 2.9 .18
K-1 .605 41 81 2.8 .18
K-2 .600 Lo 82 3.4 17
K-3 607 L2 84 2.5 16

*MEASURED IN THE 0.55 TO 0.63 VOLTAGE DECAY RANGE

TABLE IT

DIFFUSED LAYER RECOMBINATION TIME
AND CHARGE USING TABLE I DATA AND
EQUATIONS 7 AND 8

CELL 2 %0

usec couroMes/cf x 10”17
P-1 .16 2.0
Q-2 .23 1.2
Q-3 .18 3.5
K-1 .18 1.L
K-2 .17 1.4
K-3 .16 1.4
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Fig. 1 - Cross Section of 0.1 Q-cm Silicon Solar Cell
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Fig. 2 - Open-Circuit Voltage Decay Apparatus
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Fig. 3 - Open-Circuit Voltage Decay of 0. 1 O-cm Cell 526-Q3
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Fig. 4 - Forward Current-Voltage Characteristics of 0.1 Q~cm
Silicon Cell Measured by Dark and liluminated Bias
Methods



